Quantified Mu-calculus for Control Synthesis by Riedweg, Stéphane & Pinchinat, Sophie
Quantified Mu-calculus for Control Synthesis
Ste´phane Riedweg, Sophie Pinchinat
To cite this version:
Ste´phane Riedweg, Sophie Pinchinat. Quantified Mu-calculus for Control Synthesis. [Research
Report] RR-4793, INRIA. 2003. <inria-00071793>
HAL Id: inria-00071793
https://hal.inria.fr/inria-00071793
Submitted on 23 May 2006
HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.
L’archive ouverte pluridisciplinaire HAL, est
destine´e au de´poˆt et a` la diffusion de documents
scientifiques de niveau recherche, publie´s ou non,
e´manant des e´tablissements d’enseignement et de





























ap por t  

de  r ech er ch e 
THÈME 1
INSTITUT NATIONAL DE RECHERCHE EN INFORMATIQUE ET EN AUTOMATIQUE
Quantified Mu-calculus for Control Synthesis
Stéphane Riedweg — Sophie Pinchinat
N° 4793
Avril 2003
Unité de recherche INRIA Rennes
IRISA, Campus universitaire de Beaulieu, 35042 Rennes Cedex (France)






































^`qsq7TSk`y[@°«<­¥b®¯x¦ﬃ°¯¥b°E¤S¥¦ﬃ§¨=© ªµ^kB` B_TjhZ\[]_sdh^ry2dhT`  k`_M[uZd]_MtbkBy[K[]T\[u^`[]qMTwv³dx[edhOsZSkBj] 2_sT\[
TSdµ[]k`y¡^`tsZ\ 2_^ﬃdhkBy^`_ba´qsj]kBsQSR(T\[ptsT)vkByBdhjBTB.TvS^`tsj]T 2_sTyk`_[qj]kBqMk2[kBy[PT\[deTabqsjhT\[h[]¢g¸M
k`¹7jhTe_ycR(kﬃf`T\y<_sysk`jhR(TµtbTutbZ\vSj]jhTµtb¹7Z\j]T\y2dh[q^rjx^rR(Qdhj]Tw[ vSk`R(R(TµTedgfoq7TWtsTµ[]fo[d]Q\R(T@¾¿k`_sBTSj]d
kB_´TSjhR(ZwÀ³£M k`slgT\v³dh¢ tsT)vkByBdhjBTB£sTKdgfoqMT@tﬀ y2d]T\jh^Bv³d]k`y´T\yBdhj]T)T)vSk`y2d]j`TS_jTdµT)[]fb[gdhQSR(T`£7tbT\[
vSj]d]Q\j]Tw[ tﬀ k`qsd]R(^`d]Z(¾Zw 2_s¢dhZ`£oq7TSjhR@[h[o¢dhZµR^ﬃabR^rTwÀ³£2TdxvrbDyskrdhj]TWvk`yy^r[][h^ryMvT`£2^r_vS_sysTWtbT\[
^`qsqsjhkbvxOsT\[Tab[gdx^ry2d]Tw[ysTtbT[h^r[jP_sy¶[ﬃ^`[d]TKT\y[]TSR)TKtbTvSk`yvSTSqbdx[S






yDd]OT»^rR krBTSysT\jh^`Sys¼d]OsTdhOsTSkBj]f k`(vSk`y2d]jhk`u[foy2d]OT\[][´y2d]jhkots_vTwt of Xp^`R(^Btb`T^ryMt












[]d]k`y[\  TJvS^rPd]OT¶j]Tw[_sd]ys k`Bv ¤S¥¦ﬃ§¨=© ª«x¬­@¥b®¯x¦ﬃ°¯S¥b°±¥o²³  T¡[gdh_tbf dh[<R(^`y½dhOsTSkBj]TSd]vS^r
































R(kBj]T(yBdhTSjhT\[d]ys`fJ[]q7T\vf¼¾H^ryt []foy2d]OsTw[ST0Àu^­(¦3I`© ­¦ﬃ° °KJMLs«N³­@©²h²³©POﬃ«¶¯RQﬃ§¨SN%Qr° °«ENk`j";T
H T`#^
















































ﬀﬃﬂFEHG+N³© ¨=¨Ê«S§I24365)=A]?JE ©²)¬B«¿ª §7«x¬BKJ¨L;«MﬂN]¦r­­¦$NON
_P










Q=<)¨@;s«LG¥N]«@­@¥b®¯h¦r°¯S¥b°±¥o²"Qﬃ§:A0`%a(«²Qr­(«S¨H© ­«²bG+N³© ¨«%23\5 © §s²³¨«h¦B¬ Q?<!2c3\5=dA^?e`%a(« N]«x¯x¦ﬃ° °$¨L;¦ﬃ¨









¦&N]«P© §w3\5)=A]?O`yx Q$N]«RQ$Oﬃ«NJE.© § Q$N]¬B«ENP¨ QK«§²x¥Nh«P¨L;¦ﬃ¨
ª IB® L
Qr© §¨H²ﬁ<EQ$N³­@¥b°¦ﬃ²w;¦$Oﬃ«<­«x¦ﬃ§M© §#Mr²zE© ¨µ©²MNh«h¤S¥b©PN]«x¬´¨@;s¦r¨e© §¼«x¦`¯J;{<EQ&N³­¥b°¦0pc&V` ;=&8?JEH& Qw¯h¯S¥Nx²
¥b§G¬`«N¦ﬃ§«Oﬃ«§J§¥b­{Kh«NDQ?<u§G«|M2¦ﬃ¨=©GQﬃ§:²<Jﬃ­0KRQﬃ°±²h © § ;H=@&8?e`
a(«G+N³© ¨Ê«}wE,~  P;HEA; C!VHEct& ` ;H=@&8?jE5¦r§7¬ e
P
































Â »  Ł - B
NPOTe 2_^ry2d]ÉTwtR)_bvS^`vS_s_[S£B^`[ ^)`T\ysTSjx^rw^ﬃdhkByk`d]OsTµR)_bvS^`vS_s_M[S£r[^r[kKBBTSy<^ryy2d]T\j]qsjhT
dx^ﬃdhkBykﬃBTSjtbTdhTSjhR(ys[d]vWd]jx^ry[]¢dhkBy[d]jh_v³dh_sjhT\[vS^`T\t5LN Q\¯x«²h²S«²y  ~& 
*Â#+,,- Ł -¿Æﬃ
c
qsjhkbvT\[h[Pk`yrAXC ﬀﬃﬂ ©²¦<¨H¥!LG°«@ $bm A1\11kZ<1z3 n EHGW;s«N]«	 ©²K¨L;«K²S«S¨FQ=<
²³¨¦ﬃ¨«³²JE
  Y·©²@¨@;s«(© §M© ¨H©¿¦r°5²³¨Ê¦r¨Ê«E\Z ﬀ

·©²<¦ Ls¦&N³¨H©¿¦r°y<x¥b§7¯S¨H©GQr§ ¯x¦ﬃ° °«x¬´¨@;s«Kd]jx^ry[]¢dhkBy
_yv³dhkBy¼¦ﬃ§G¬%3

=dA^?u­¦ L7²u²x¨¦ﬃ¨«²u¨ Q@²³¥yK²«S¨Q?<LN Q L Q0²³© ¨H©GQr§s²O`

LN%Qw¯x«³²x²+@ ©²5Éy¢dhT)© <½©²#ª §© ¨«e¦ﬃ§G¬© ¨+©²EvkBR@qTSd]T)© <4<EQ$Nµ¦r° °B= 1!?ﬁYrﬀﬁE ZE=1z ?p©²e¬`«HªE§7«x¬`
kBR@q7k`_ytqsj]kbvST\[h[Tw[v\^ryMTK_sdp_sq´ofc[]f2yMvxOsj]kBysk`_M[qj]kbtb_vd\
*Â#+,,- Ł -¿Æﬃ 

9ﬃ;«@¾¿[]f2yMvxOsj]kBysk`_M[hÀ qsjhkots_v³d Q?<u¨|GQ^LN Q\¯x«²h²S«²
@,SF$bmXAWS$14S$1
S













?Y ZE=k= S 1 U ?E1) ?!GW;«§G«EOﬃ«Nﬁ W
S
Y Z S = S 1z ?)¦ﬃ§G¬ W
U
Y-Z U =  U 1) ?k?jE
ﬃ



















¦r§ JLN Q\¯x«²h²H@ $bm[A1+1ﬂ1%Z<1)3 n G5© ¨L;qAﬁ¬ﬃ©²ﬀQﬃ© §M¨ﬃ<RN Qﬃ­
P
E)@%" ©²K¯x¦r° °«x¬¦u^r7TSysk` @ ¾of
"+Àk`y
P

































































































































GW;«ENh«¨@;s« O0¦r°±¥¦ﬃ¨=©GQﬃ§\.t 10]+V^% #"

@+" ©²¬`«HªE§7«x¬RKEJN
=_.# >0]+V ?E=&8?H$-.# >0k=&8?I+VX<EQ$N)¦r§ J!& Yrw #"`
  krdhvSTud]O^rd\£M^B[Pk`jpd]OsTKqs_j]TR_bvS^rv__[jx^rBR(TSy2d\£bdhOsTKﬃ^r_^ﬃdhkBy+.# >05tbkoT\[pyskrdey_TSyvSTKd]OsT





























e RY ﬀ!E e W
S Y  S E © < Z S = S 1z ?ﬁ$  W
S E¨@;s«S§:¨@;s«N]«« IB©²x¨H²  W







e RY ﬀ!E e W
U Y  U E © < Z U = U 1z ?ﬁ$  W
U E¨@;s«S§:¨@;s«N]«« IB©²x¨H²  W
S Y  S ²³¥¯z;¡¨L;¦ﬃ¨\Z S =  S 1z ?ﬁ$  W
S
¦ﬃ§7¬ = W U 1 WLS ? Y
{`
  Æ Æ  - Ł -¿Æﬃ
.
< @ S $bm A1 S 1
S
1%Z S 1)3 S n ¦r§7¬-@ U $bmgA1 U 1
U
1kZ U 1z3 U n ¦$N]«_K©²³© ­@© °¦$N
L)N%Qw¯h«²x²S«³²K¨@;s«S§w<EQ$N¦r§ J(²S«S§¨«§G¯h«;oYv23\5)=A]?JEHG « ;s¦$Oﬃ«'N
@
S


































[]R(^`j\pTSyMvT`£#j]kBR!dhOsTcytb_vd]k`y OofoqMk`d]OsTw[[\£A@4U  " Q $ ;
W
^rytﬃ@4UiQ $ ;'*fts_^r¢dgfB£.















































































©POﬃ«S§J¦LN%Qw¯x«³²x²@ $bm A1\11kZ<1z3[n ¦ﬃ§G¬²Qﬃ­«  Y:A%E$¨L;«  =qsjh_sysyskrA@ ©²
¨@;s« L)N%Q\¯x«²x²@
MT
$bm^A1\1 1kZ W 1)3 n ²³¥¯J;¶¨@;s¦r¨E<EQ$N¦r° ° FY ·¦ﬃ§G¬w rYvﬀ%E'Z W =1) ?$ ZE=1) ?)© <
 Y:3= ZE=1z ?%? Q&NZ W = ﬂ1z ?K©²K¥b§7¬B«¿ª §7«x¬5Qﬃ¨@;s«NjG5©²S«e`
	Â »
ﬃﬂ
















jhT\[d]jhv³dh[dh[P7TSO^0ok`jx[S [PvS^rT\tc^´¯RQﬃ§M¨>N%Qr° °«NUQ=<H@ <EQ$N ;£s^ryt<d]OsTuBkB^r7[ dhk[foy2d]OsTw[STW[_MvxO
vSk`y2d]jhk`[]fb[gdhTSR[SydhOs[e[Twv³d]k`yTukovS_[Pk`ydhOsTPlgk`y2d[]q7T\vÉMv\^ﬃd]k`y´k`+vkBy2d]jhk`k`slgT\v³dhBT\[P^ryMt















@ Qﬃ§RAwE ¨@;s«H<EQr° ° Q G5© §tM¡¦0²x²S«N³¨H©GQr§s²)¦$N]«@«x¤¥b©POﬃ¦ﬃ°«§M¨N
ﬃ












1  1="D1kZ<1)3 n¼[_vxOd]OM^ﬃd\@- Q $ ;



































[h^ﬃdh[ÉT\[; £G[yvST( [ = " ?
M'& T
¢dhOsk`_sd^,^`yt ,KtbkoT\[
ykrdkbvSv_jy ;*)e[]y .TSR(R^U`£bTKvk`yMv_tbTWd]O^rd =P@;\"'? Q $ ,\Cc9E;F9&=G,?






















~  Ê£ :9s ,;
ﬃ
=#<7? $ 9jp(`ymﬃﬀn ( T=<9ﬁ=G,3?³£^ryt>F.
ﬃ
=#<7?v$
9O(` ~ ﬀ L(C<X9ﬁ=>,?³Bp[kM£0d]OsT

Ê¢ d [5vS^`ysk`yv\^rfKTSa2dhTSytsT\t)d]kK^ryof)vSk`yﬃlg_syMv³d]k`y@kr7qsjhk`q7kB[]¢dhkBy[S
 x:¦3I`© ­¦ﬃ° °KJDL«EN³­@©²x²³©PO0«¦B¬ﬃ­@©²h²³©KS°«<¯RQﬃ§M¨>N Qﬃ° °«N6<EQ$N^;ﬁ`  OsT\y¡^<[]fo[d]T\RﬁO^B[p_syMvk`y2dhj]kB^rsTWd]jx^ryb
[]d]k`y[\£tbTSysk`d]Twt¡of´d]OsT([]Tdukr^r7TS[ ﬀw£^`y½¦`¬r­©²x²³©KS°«¯RQr§¨SN%Qﬃ° °«NkBj];&[]Osk`_t:yskrdKtb[]^`sT
^`yofckr+d]OTSR´ Êdx[pTab[gdhTSyvSTKR^0fc7TTabqsjhT\[h[Twtcofcd]OsTKkBj]R_s^¶¾gUwÀpy¡^BtbR([h[]sTvkBy2d]jhk`T\j ,
kBj;¼[)­(¦3I`© ­¦ﬃ° °KJDL«EN³­@©²x²³©PO0«Eysk<krdhOsTSjµ^`tbR([][]T)vSk`y2d]jhk`TSj , W k`j;¼vS^`y¡v_bdu[gdhj]v³dhfTw[][
dhjh^`y[]¢dhkBy[5dhO^ry ,r  j]d]ys ,<YBZE=>,?H[f,<YBZE=>, W ?5dhOsTeR_bÊv\^rv_s_[Ek`jhR)_s^(>F.
ﬃ
=>, W ?



















, W Cc9E;F9ﬁ=>, W ?
j3d
¾H`À
x:¦3I`© ­¦ﬃ° °KJHLs«N³­©²x²³©POﬃ«Q L«S§c¯ Qr§¨SN%Qﬃ° °«EN<EQ$N+;`5e[+[gdh_tbT\tKy5 ﬁÊ£\kBqMT\y)[]fo[d]T\R[.dx^r`TEd]OsTTSyoojhk`ys
R(T\yBd  [q7k`vSfy2d]k^BvSvSk`_sy2de¸Bd]OsTW^rqsO^`MTSdﬁﬀ k`d]jx^ry[]d]k`y[ [^tb[lgkBy2d_sysk`y<k`d]OsTW^rqsO^r7Td
ﬀ 	 k`vkBy2d]jhk`^`sT)d]jx^ry[]d]k`y[W^ryt:d]OT(^`qO^r7Td!ﬀ  kr_syvkBy2d]jhk`^`sT)d]jx^ry[]d]k`y[\£MT\y^rTwt
kBjuyskrdKof´d]OsTT\yo2jhk`ysR(TSy2dwGNPOT QRLs«S§¼¯RQﬃ§M¨>N Qﬃ° °«N<R)_M[gdKTSyM[_sjhT\[];&kBjK^ryof¶qMk2[][]sTvxOskBvSTk`
dhOsTWTSyoojhk`ysR(T\yBdw2NPO[jhT\ 2_sj]T\R@T\y2d[TSabqsj]Tw[][]T\t<2f@dhOsTWk`jhR)_s^<¾¿~2À³£bOsT\j]Ted]OsTWqsjhk`q7kB[]¢dhkBy9
jhTSqj]Tw[T\yBdx[5dhOsTµT\yo2jhk`ysR(TSy2d  [ qMkBvfBoNPOTµ^`tb=Oskbvµ[kB_bdhkBy<kr $Gv\^rysysk`d7TµTw^`[]f(Taod]T\ytbTwtd]k




=)~ ﬀ)P,?7C5e 9 `b
i 9C>F.















































­ LG°«S­(«S§¨¦KS°«¯RQﬃ§M¨>N%Qr° °«Nﬃ<EQ&N§Qr§®=KS° Qw¯zr© §#M`5mo_vxO^vSk`y2d]jhk`T\j+Uw~$Ê£[#^ry^BtbR([h[]sTEvkBy2d]jhk`T\j
OvxO.£bR(kBj]T\kﬃ`TSjw£B[]TST\vdh[PTSab^Bv³dhfkBysTKvk`y2dhj]kB^rsTpdhjh^`y[]¢dhkBy^rd^)d]R(T`£^`yt[_vxOd]OM^ﬃd\£byd]OsT
jhT\[]_sd]ys([_sq7TSjho[]T\t[fb[d]T\R£s^ÉyM^r[gdx^ﬃdhT(¾¿``T\ycofd]OTWqj]kBqMk2[d]k`yIﬂoÀ[^`P^0fb[ jhT\^BvxO^rTB
#Tdﬀﬂﬁ0$ ﬃ ` i =pc&V` ﬂ


























































jhk`R ^rd]T\j]y^rd]ys^r_bdhk`R^ﬃdx^d]kdhOsT []_s7vS^B[][Gk`bysk`ybtbTSd]TSjhR(y[d]v5^r_bdhk`R^ﬃdx^s£^`ytµd]OsT ^BvSvSTSqbdx^ryvST
vSk`yts¢dhkBy[«e` M#`Xp^`sy.£m2d]jhTSTSddw£ È krdh`kﬃp[]oﬃq^rjh¢dgfB
NPOT¡v^`[h[(krWd]jhTST¶^r_bdhk`R^ﬃdx^Jk`j<R_bÊv\^rv_s_[(OsvxO&T¶[]O^re^Bts^rqbd(dhk[23\5»[(d]OsT¡vS^B[][(k`






ﬁ  -d  Â 
ﬂŁ 7
ﬂ
Q$N¦ﬃ§ Jµ²S«§M¨Ê«S§7¯x«+;oYv24365)=dA^?jE7¨@;s«N]«e« IB©²³¨¿²¦u²x© ­L7°«e¦ﬃ¥b¨ Qﬃ­¦ﬃ¨ Qﬃ§
ﬀ Qr§RA ²³¥¯J;´¨@;s¦r¨Ey<EQ&N¦ﬃ§BJ^LN%Qw¯x«³²x²F@ Qﬃ§IAFN































=D.9< =D?%?<1="0nhGW;s«N]« ©²)¦µªE§© ¨«u²S«S¨FQ=<u²³¨Ê¦r¨Ê«²JE
L¦$N³¨=© ¨=©GQﬃ§7«x¬W© §M¨ Qµ¨|GQp²³¥yK²S«¨H²¦ﬃ§G¬ﬀ Q=<Nh«³²SL«h¯S¨=©PO0«S° JTab[d]T\y2d]^r.¦ﬃ§G¬_sys`TSjx[h^rM²x¨¦ﬃ¨«²zED%Yﬁ




¨ Q«h¦B¯z;»²³¨¦ﬃ¨« ½¦ﬃ§G¬¡¨ Q«h¦B¯z;»²³¥yK²«S¨DQ?<bA ¦¡²S«¨DQ=<]L Q0²x²³©K°«R@kﬃBT\[© §7¯S°±¥¬`«x¬J© §D.9< =D?F$
































²x© ­L7°«¦r¥b¨ Qr­(¦r¨ Qr§»©²




?BC .! 34%' <EQ$N¶¦ﬃ§BJ YEu¦r§7¬
=! 1
P
?ﬁC(D.9< =D?*)-.+ 34 ^<EQ&NW¦r§ J bY"`ﬃx Q$Nh« Q&O0«NJE$© §´¯x¦0²S« GW;«§ wY,yE#© ¨$©²N]«x¤¥b©PNh«h¬
¨@;s¦r¨X= 8S&1 'S?<1!= tU&10OUﬁ?ﬁY-=! 1
P
?'K =dﬀ.D?¦ﬃ§G¬ 8S$  tU<«§M¨Ê¦r© °sS$eU#`
ﬂ
© §7¦ﬃ° °KJsE$¨@;s«K© §© ¨=©¿¦ﬃ°7²³¨Ê¦r¨Ê«
²); Qﬃ¥b°¬RKh«@¦ﬃ§«%IB©²³¨«§M¨H©¿¦r°²³¨Ê¦r¨Ê«'`






?ﬁC .! 34	ﬁb<EQ&N¦ﬃ§BJ(wYﬁ¶¦r§7¬=  1
P




£od]O^q^`jdh¢dhkBy =d0/ 1z0//ﬁ? krd]OTµBTSj]d]vT\[\£o^rytd]O^q^`jdh^`MR^`qsqsysw"ujhk`R d]OTµBTSj]d]vT\[










































 Â  
{/




­«­ Q$N<Jﬃ°«³²x²{G5© §§© §tM²³¨SN]¦ﬃ¨«M&J`
*Â#+,,- Ł -¿Æﬃ
.ﬃ
©POﬃ«§"¦¼²³© ­L7°«¼¦ﬃ¥b¨ Qﬃ­¦ﬃ¨ Qﬃ§ $bm A1 11 10Dﬂ1$1=" n ¦ﬃ§7¬ ¦ LN%Qw¯x«³²x²







¦$N]«@© §ﬁ?ﬂv]8. } 4
E¨@;s«© §© ¨=©¿¦ﬃ°\Oﬃ«EN³¨« I/.©²





Q$N)¦r§ J Oﬃ«EN³¨«%I =  1ﬁ?)¦ﬃ§G¬<EQ&N¦ﬃ° °ﬃ qYrﬀbN
ﬃ
¨L;«EN]«)©²)¦ﬃ§- \®«x¬eMB«¨ Q¦(²³¥¯x¯h«²x²Q$NUOﬃ«EN³¨«%I =  W 1!?K© <D=  !1  W ?Y"=  1z3=ﬁ?%?JE
ﬃ






?Y-=! 1)3=ﬁ?k?K¦r§7¬^ZE=1z ?µ©²K¬`«HªE§7«x¬ E+Q&N
= 1 

?ﬁYﬁ=  1)3=ﬁ?k?¦ﬃ§G¬UZE=1z ?©²K§Qﬃ¨¬`«HªE§G«x¬sE
ﬃ
¨L;«EN]«e©²e¦ﬃ§F M®«x¬eMB«e¨ Q¦u²³¥¯x¯x«³²x²Q$NOﬃ«EN³¨« I }"© < =d B1

?ﬁYﬁ=! 1)3= ﬁ?k?e¦r§7¬ ZE=1) ?©²p§)Qﬃ¨$¬`«HªE§7«x¬ E
Q$ND= 1

?ﬁYﬁ=  1z3= !?%?)¦r§7¬UZE= 1) ?³©²¬B«¿ª §7«x¬`
9;«^`_bd]kBR^ﬃd]kBy  ^BvSvT\qbdh[U@




































7HOﬃ«EN<Ju²³© ­L7°«u¦r¥b¨ Qr­(¦r¨ Qr§ Qﬃ§DLN%Qw¯x«³²x²³®
«²K©²)«h¤S¥b©POﬃ¦ﬃ°«S§¨¨ Qc¦RKS© Ls¦&N³¨H© ¨«)§Qﬃ§G¬`«S¨Ê«N³­@© §©²³¨H©¿¯(¦r¥b¨ Qr­(¦r¨ Qr§ﬃ`
 vk`yM[gdhj]_vd]`T<qj]kokrk`eNPOsTSkBj]T\R ´kBj"; Y 365R^0fJ7T<kB_syt y #s£\U3#s£h}$Ê7y»kBjhtbT\jKd]k



















1M11 1 D1$1)"wn Kx«µ¦FKS© Ls¦&N³®


























`e %Y, c=  10
W












=k=! 1S0>?E1S0>W ?H$ =  10GW] 0>?jE
















«¨  $bm A
W
1M1  1B1 Dﬂ1$1="0n Kx«(¦IK© L¦$N³¨=© ¨Ê«@§)Qﬃ§G¬`«S¨Ê«N³­© §M®
©²³¨=©¿¯¦ﬃ¥b¨ Qﬃ­¦ﬃ¨ Qﬃ§`
ﬂ
Q$N(¦ﬃ§ JDLN%Qw¯x«³²x²@ $bmZA1\1ﬂ1%Z<1)3 n Qr§rAhC A
W
E'@XQ$  © <@¦r§7¬-Qﬃ§M° J© <






FN%Q3Q=<`6+jh[d\£$[]_sqsq7kB[]T5@ Q $     .Td.1 7T^¶ysysysJR@T\R(k`jhf2T\[h[)[d]jx^ﬃdhTSBf:kBj)qs^0f`T\j Ky
dhOsT(B^`R@T  $  =   1k@H?(¾¿NPOTSk`jhTSR!~2ÀW^rytJTSdw //IC +

= P ?   7T@d]OsT[]TdKkryskbtbT\[
jhk`R qs^0f`T\jDk)y !¢dhOsk`_bdq}#Td/" Y 3\ >& (&MT´^ry ^`j]¢dhjh^`j]fvk`R(qsTdhkBy»krdhOsTcqj]kbvTw[][
m P 1J // 11+=!D1ﬁ?<1%Z W 1z3 W nK£.OTSjhT(k`j)^`y2f:=  101ﬁ?bY^ // £W3 W =  101!?%$ 0g£#^`ytk`j^`ﬁ Y^ﬀ£
Z W =k=! 1S0k1ﬁ?<1z ?\$ 1+=  W 10 W ?£skBjp[kBR@T<¾¿_sys 2_sTwÀU=  W 10 W ?[]_vxOd]OM^ﬃdd]OTSjhTK[p^`y: `^rjxvµj]kBR =%=  1S0S?<1!?
dhkc=  W 1 W ?Wy (#NPOsT\y.£.d)vS^`yJ7T<[Okﬃzd]OM^ﬃdT(tsTÉysT<^ysysys¡[d]jx^ﬃd]T\`f,1 W k`jKqs^0f`T\j^Wy
dhOsT@B^rR(T =  1k@ E"'?eof,1 W =k=11+=1 &?%?<1 &? $ 1+= 1 &?³.XpT\vqsjhkbvS^rf`£G[_sqqMk2[T @AE" Q $ k`j
[]k`R(T " YD36 '& ( \Êd([]_

vTd]k[]Oskﬃ d]O^rd(^`yofR(T\R@kBj]foT\[h[)ysysys[gdhjh^rd]T\`fJk`j@qs^0fBTSj y





yk`jhR(^`$k`jhR  SJPS ``` P tV OsTSjhT{VDY 3\5:^`ytd]OsT-  [KkBj]R ^ry ^rd]T\j]y^rd]Twt[]T\ 2_sT\yvTk`
TSab[d]T\yBdh^`+^`yt¡_ysBTSjx[]^`+ 2_^`y2d]ÉTSjx[S  T@qj]kokﬃ`TNPOsTSkBj]T\R b£Gofytb_Mv³d]k`yk`y:d]OsT[d]jh_v³dh_sjhT
k`7; oNPOsTp^B[vpv\^`[]TOsTSjhT; Y:3657£B[tbT\^`¢d d]O<k`kﬃys  #$7^`yt- }$Ê  kﬃK£`k`j d]OsTWvS^`[]TTSjhT

















NPOTSk`jhTSR ´BBT\[)^`y T¹GT\vd]`TvSk`y[d]jh_vd]k`y krPÉy¢dhTvSk`y2d]jhk`T\jh[ukBy Éysd]TqsjhkovST\[h[Tw[S¸#``TSy»^
ÉMys¢dhT¡qsjhkbvT\[h[ @ ^`yt&^ [T\yBdhTSyvST
_














	 >ﬂ V , blJ0 9!Z.9yDd]OsT[]\TJk`D@ ^`yt d´[
= 2ﬁ? V!& ﬂ
	1> Vﬃ, blJ0 9!Z.9ydhOsTe[]\Tkr7;T`OsT\j]T[5d]OTy2_R)7TSj k`G^`¢dhTSjhy^ﬃdhkBy[$krGTao
[d]TSy2dh^`M^ryMt_sys`T\jh[h^r 2_^`y2d]ÉTSjx[Ey ;2NPOsTµj]Tw[_¢d k`X $M[ jhTdhj]TSBT\t¸B[foy2d]OsTw[Sys)vSk`y2d]jhk`TSjx[
kBjk`q7TSy´[fb[d]T\R([P[ V!& ﬂ







[]Td<k`Wqj]kBqMk2[d]k`y[\£$d]Oo_[ @[<^qj]kbvTw[][(kBy^A $ *s NPOsT¡vSk`y2d]jhk`kBblgT\vd]`T´[d]OsT¶kBj]R_s^
; $ 8(`m &nZ( CDm6 tn =@pc&V` ~   &8? .TSdﬁﬀo$ ,C/9E;F9&=G,?£d]Oo_[ﬁﬀo$ ,HCv8(`>m &n =>,HC ("?%CDm

























=.!,ﬁ4$?³£`^B[ ^jhT\[]_sdk`d]OsTWqsjhkrlgT\vd]k`y.  kﬃK£@ Q $ _ ,$` ;




















































- ./021 + ,4-5./021 +


















































































































































































































 Fa<ﬃ! b@?<ﬀ#<P=HB4DbF3@?3 ?  aﬃ! ]DDE ?3ACD

	 @?<!Faa=HB4ﬃZDR< ?
ﬀﬁﬂﬁﬃﬁ "! `aFaBﬂﬁﬀ;B4DbDbG<ﬃ#Hﬃﬁ'ACBﬂF3D#<#PB4DbF3@?> ?$ﬁﬂ3ﬃ  %!&HDE ?aACD(')'*












2 `aﬃ DDE ?3ACD B4ﬃ @?aﬁF3 ?B]aﬃ.HB98
@?<ﬃACaﬃ! ?D
:





























ﬁ'ACaDM9<@8DHﬃ! ?aDbB4D< Fa<ﬃ  b@?<ﬀ4ﬀﬂ>@?DNJ8B5 ?cﬁ'@b ?Bﬂﬁ'ﬀ;<_Db3@>8
ﬁ ?B4<ﬃ


























 Fa<ACﬀ4aACaﬃ! Uﬁ' ?B4<ﬃ @?<_ﬀ4aAW9<@YX GFUIZMﬁ'G ?<AIﬁ UﬁJ8B5 ?





















	 ﬁ' b ?ﬁHa
EG :%













Fa<ACG Uﬁ ?Bﬂ<ﬃc b@?aﬀ4<ZB4F

ﬀXﬃ9<@?AIﬁ ?Bﬂ<ﬃ	 @?<!FaaDbDbB4ﬃZ^?;3 b ?3@?D%d:\*






G=HBﬂAC3ﬃ  ?D < A]G8VFﬁﬀ4FaGﬀ4GD

@ <'@b ?8BU <ﬀ4ﬀﬁ'ﬃ=e*


































































!HB4ARGﬀﬂﬁ' ?B4ﬃZﬁ'ﬀ5 ?3@?ﬃﬁ ?BﬂﬃZM b@?3 ﬁ'G ?<AIﬁ UﬁP_& ﬃ<ﬃ=H3 ?3@?ACB4ﬃB4DE ?B4FﬁG ?<AIﬁ8
 Uﬁ









<ACG ?3@%! FaB4aﬃFa Yn*


















































































































    ! +   D D,$ +   
   .




































ﬃ ﬁ'G ?<AIﬁ Uﬁ87 ?3<@?3 ?B4F ﬁ'H@?<ﬁFU  ?<c_H@UﬁﬃF>BﬂﬃZ87 ?B4AC


























ﬁ ﬀ4Db  Bﬂ>@A! FaB4aﬃFaF	 G_ﬀ4B4Db3@?DG*
     C+  R ! 5,     
Unité de recherche INRIA Rennes
IRISA, Campus universitaire de Beaulieu - 35042 Rennes Cedex (France)
Unité de recherche INRIA Futurs : Domaine de Voluceau - Rocquencourt - BP 105 - 78153 Le Chesnay Cedex (France)
Unité de recherche INRIA Lorraine : LORIA, Technopôle de Nancy-Brabois - Campus scientifique
615, rue du Jardin Botanique - BP 101 - 54602 Villers-lès-Nancy Cedex (France)
Unité de recherche INRIA Rhône-Alpes : 655, avenue de l’Europe - 38330 Montbonnot-St-Martin (France)
Unité de recherche INRIA Rocquencourt : Domaine de Voluceau - Rocquencourt - BP 105 - 78153 Le Chesnay Cedex (France)
Unité de recherche INRIA Sophia Antipolis : 2004, route des Lucioles - BP 93 - 06902 Sophia Antipolis Cedex (France)
Éditeur
INRIA - Domaine de Voluceau - Rocquencourt, BP 105 - 78153 Le Chesnay Cedex (France)
  	


  
ISSN 0249-6399
